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Self-Diffusion in Wormlike Micelles Networks with Electrostatic Interactions:
A Universal Behavior?
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We report measurements of the self-diffusion coefficient of several wormlike micellar solution
the semidilute regime. We show that the existing “living polymer” models can account for the re
only if the effect of electrostatics on the micellar growth is taken into account. The behavior of
different systems is remarkably similar, and this is due to the fact that the micelles scission energi
relatively system independent. [S0031-9007(98)06505-3]

PACS numbers: 82.70.–y, 36.20.–r, 61.25.Hq, 66.10.Cb
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When dissolved in water, surfactant molecules can se
assemble and form aggregates such as spherical mice
bilayers, or other varied structures [1]. In dilute solution
the type of aggregate is determined by the interactio
between surfactant molecules: For charged, single ch
surfactants, the electrostatic repulsion between the po
parts of the molecules is stronger than the effective ste
repulsion between the chains due to packing constrain
and spherical micelles are formed; with double cha
surfactants, the steric repulsion between chains alm
balances the electrostatic repulsion, and flat bilayers a
usually formed. Intermediate cylindrical shapes were al
predicted to exist [1], and were observed later on with
variety of single chain cationic surfactants in the presen
of added salts [2]. The length of the cylindrical micelle
increases with surfactant concentration due to the progr
sive screening of the electrostatic repulsions by the su
factant electrical charges, and these micelles can beco
very long (contour lengths of microns). Their persistenc
length being of the order of 10 nm, they have wormlik
shapes like flexible polymer chains; as polymers, they e
tangle above an overlap concentrationcp, and the solu-
tions become viscoelastic. In contrast to polymer chain
the micelles can break and recombine, and their avera
length depends upon their concentration. Quite rema
ably, theoretical treatments by Cates and co-workers
allow us to describe quantitatively the rheological beha
ior of the solutions. They have motivated a large num
ber of studies on wormlike micelles, which have, from
the practical point of view, many interesting application
(drag reduction, etc.) [4].

In semidilute polymer solutionssc . cpd, the elastic
modulus is controlled by the number of chain entangl
ments; the viscosity and the self-diffusion of the poly
mer chains depends on the reptation time, time taken
a chain to disentangle from its neighbors and renew
environment [5]. Wormlike micelles break and recom
bine with a characteristic timetbreak; the frequency be-
havior of the viscoelasticity is similar to that of polymers
above frequenciesv of ordert21

break, but very different be-
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break. Self-diffusion can be conveniently stud-

ied with fluorescent probes dissolved in the micelles. A
time scales longer thantbreak, the self-diffusion coeffi-
cient of the micelles is predicted to scale with the sur
factant concentration asD , c2a with an exponenta
different than for polymers (for whicha  2) because of
the scission events [6]. Theory predictsa values ranging
from 1.3 to 1.7 according to the type of scission proces
[7]. Power laws of the typeD , c2a were indeed found
abovec . cp in all of the systems that were studied in
the presence of excess added salt, i.e., when the ele
trostatic interactions are entirely screened (Debye leng
smaller than the distance between surfactant molecules
the micelles). However, in salt-free systems or in system
where the amount of salt is not sufficient to fully screen
the electrostatic interactions, the experimental results a
not in accordance with these predictions [8–10]:a , 6
in salt-free systems. Moreover, in some systems,D goes
through a minimum at a higher concentrationcpp, after
which it increases withc, a behavior not correlated with
that of the bulk viscosity [9]. In order to clarify these
issues, we have undertaken a study of a new type of su
factants, which form wormlike micelles in the absence o
added salt. These are “gemini” surfactants, made of tw
single chain cationic surfactants connected by a spacer
the heads level. In the present paper, we compare the d
obtained with these surfactants and those from our ea
lier studies. We show that the self-diffusion coefficien
behavior is universal, provided it is scaled in concentra
tion with cp. The scaling curve is in excellent agreemen
with theoretical predictions by Mackintoshet al. taking
into account the effect of the electrostatic interactions o
the micellar growth [11]. An increase ofD abovecpp is
also observed with the gemini surfactants, but in this cas
it is associated with a viscosity maxima.

Gemini surfactants are dimeric cationic surfactants
alkanediyl-a-v-bis (dimethyl alkylammonium bromide),
referred to asm-s-m surfactants (m and s being the car-
bon numbers of the side alkyl chains and of the alkanedi
spacer, respectively). We have selected for this stud
© 1998 The American Physical Society
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the compounds 12-2-12, 12-3-12, and 16-4-16 which a
known to form wormlike micelles [12]. The preparation
purification, and characterization of these dimeric surfa
tants have been reported elsewhere [13]. The technique
fluorescence recovery after fringe pattern photobleachi
(FRAPP) was used to measure the self-diffusion coef
cient of fluorescent probes incorporated into the micelle
More details on the technique and on the experimen
setup can be found in Refs. [8] and [14].

The measured diffusion coefficients for the gemini su
factants used in this study are shown in Fig. 1. The a
curacy onD values is typically better than 4%. We take
for cp the value of the concentration beyond whichD de-
creases drastically: for 12-3-12,cp , 0.05 gyg, and for
12-2-12 and 16-4-16, showing much more rapid grow
than 12-3-12 micelles,cp , 0.02 gyg. These trends are
in line with previous micelle aggregation number mea
surements and cryotransmission electron microscopy o
servations which show that the tendency to micelle grow
increases when the size of the spacer decreases, and w
the chain length increases [15]. The value ofcpp beyond
which D increases withc is found to be 0.15 gyg for 12-
3-12 and 0.06 gyg for 12-2-12 and 16-4-16.

Figure 2 shows the normalizedD versusc data in units
of D0 (value of D for c ! 0) and cp, respectively. In
this figure, we have also gathered the data on cetylpy
dinium chloratesCPClO3d [9] and cetyltrimethylammo-
nium tosylate (CTAT) [10] from our previous studies
including new data on CTAT for concentrations abov
cpp s 0.02 gygd. All the curves nicely collapse together
and a universal behavior is observed both in the dilute a
semidilute regimes. This phenomenon can be explain
by the following theoretical considerations.

In the Cates model [6], the diffusion coefficient o
the micelles in the semidilute regime is given byD 
Drepstbreakytrepd21y3, wheretrep is the reptation time of

FIG. 1. Variation ofD with c for the dimeric surfactants, 12-
3-12 at 30±C (circles), 12-2-12 at 35±C (diamonds), and 16-4-
16 at 35±C (crosses).
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an hypothetical unbreakable micelle of average lengthL,
tbreak is the average time before such a micelle brea
into two pieces due to reversible scission process, a
Drep is the diffusion coefficient in the limittbreak . trep .
The average micelle length is given by

L , c1y2 expsEy2kTd , (1)

whereE is the scission energy of the micelle. From th
polymer theory, one hasDrep , Lytrep andtrep , L3c2

[5]. Assuming tbreak , 1yL, we get D , L22y3c24y3,
which becomes with Eq. (1):D , c25y3 , c21.7. This
scaling law has been modified by Turneret al. [7] by
taking into account other scission processes: the e
interchange process (fusion process of two chains form
a three-armed star and subsequent separation into
chains by exchanging segments) and the bond-intercha
process (fusion process of two chains to form a fou
armed star and subsequent separation into two chains
exchanging segments). The exponent values obtained
these three different kinetic processes range from 1.3
1.7. The above models do not take into account the eff
of charges on the micelles.

The scission energyE of charged micelles contains, in
addition to the end-cap energyEc that favors the growth
of the micelles, an electrostatic contributionEe that favors
the breaking of micelles. In the Mackintoshet al. model
[11], the electrostatic energy is proportional to the ran

FIG. 2. DyD0 vs cycp for different salt-free surfactants: 12-
2-12 at 35±C (diamonds), 12-3-12 at 30±C (circles), 16-4-16
at 35±C (crosses), CTAT at 24.5±C (squares), and CPClO3 a
35±C (triangles). The dotted line is calculated from Eq. (4
with Ec  33kT in the semidilute regime.
229
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of the electrostatic interactions, i.e., toc21y2 and balances
Ec at the overlap concentration. The average micell
length in the semidilute regime is given by

L , 2c1y2 exphsEcy2kTd f1 2 scpycd1y2gj , (2)

where the overlap concentration is

cp , skTlBayp2yEcd2, (3)

with lB being the Bjerrum length,a is the radius of the
cylindrical micelle, andyp is the effective charge per
unit length on the micelle [11]. Substituting Eq. (2) into
D , L22y3c24y3 we get

D , D0c25y3 exphs2Ecy3kTd f1 2 scpycd1y2gj . (4)

Using the experimental values ofcp andDp (value ofD
at cp), Eq. (4) can be used to fit the data in the semid
lute regime withEc as the fitting parameter. The result
of such fits on the salt-free ionic systems are given in T
ble I. The fits are found to agree well with the data i
the semidilute regimescp , c , cppd. The uncertainty
on cp is about 20%, and the corresponding uncertainty o
Ec is about 15%. In view of the close values found forEc

only the theoretical curve corresponding toEc  33kT is
shown for clarity on Fig. 2. Equation (4) explains the be
havior ofD in the semidilute regime better than any sca
ing law found in literature. It has to be mentioned her
that using a similar argument, Candau and co-worke
have explained the behavior of viscosity in several sa
free systems [16]. The values of the effective charge p
unit length on the micelleyp are also listed in Table I, as
obtained from the values ofcp by using Eq. (3). It must
be stressed that theseyp values are only rough estimates
There could be a prefactor in Eq. (3),cp is not known ac-
curately, and the radius of the micelles has been appro
mated by the extended hydrocarbon chain length. O
sees in the table that the charge is smaller for CTA
than for CPClO3, although the area per surfactant mole
cule at the surface of the micelle is similar. This mean
that the degree of counterion binding is more impo
tant for CTAT. This explains why the micellar growth
is much more rapid in CTAT than in CPClO3 as re-
vealed by the different values ofcp (see Table I). The
fact that Ec is similar in the different systems studied

TABLE I. Values of the crossover concentrationcp, the end-
cap energy Ec [obtained after fitting diffusion data with
Eq. (6)], the charge per unit length of the micelleyp, and
the exponentb (from D , cb in the concentrated regime) for
different salt-free micellar solutions.yp was calculated from
Eq. (5) with lB  0.7 nm, a  2 nm for 12-s-12 ss  2, 3d,
anda  2.5 nm for other surfactants.

Surfactant t s±Cd cp swt %d EcykT b yp

12-2-12 30 0.02 30 4.4 0.17
12-2-12 35 0.02 33 4.4 0.18
12-3-12 30 0.05 30 2.2 0.22
16-4-16 35 0.02 31 2.2 0.16
CTAT 24.5 0.008 38 2.2 0.14

CPClO3 35 0.08 34 2.2 0.23
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explains the observed universal behavior.Ec represents
the difference in surfactant free energy for spheric
and cylindrical geometries and is only a small fractio
of the micellization energy: aboutkT per molecule in
the micellar end caps.Ec should slightly increase with
surfactant chain length and decrease if the head
comes larger. Ec can also be determined from rheo
logical studies and for 12-2-12 Kernet al. [17] reported
values ranging from30kT to 50kT . There are no pub-
lished data for other salt-free systems, butEc was found
to be of the order ofs20 30dkT in systems with added sal
[3]. The fact that theEc values are similar for the single
chain surfactants might be due to the fact thatEc depends
mainly on the chain and that all of the single chain su
factants studied here have 16 carbon atom chains. T
would explain why giant micelles are not observed wi
shorter chains (smallerEc and limited growth) or longer
ones because of insolubility. The current anionic surfa
tants with C16 chains are insoluble, and no giant micelle
are obtained with smaller chain compounds. In the ca
of nonionic surfactants, giant micelles were obtained w
a compound having again a C16 chain and never reported
for smaller chains [18].

So far, we have assumed that the micelles are wormli
However, because of the electrostatic repulsions,
persistence length of these micelles could be larger th
for micelles with excess salt, of the order of 15–20 n
[19]. In salt-free systems, the electron micrographs sh
indeed that the persistence length seems larger: 3
50 nm [15]. Forcp  2%, the center to center distanc
of the micelles is of the order of 30 nm, i.e., clos
to this persistence length. The micelle length increas
very rapidly abovecp, so its shape evolves from rod
to wormlike very rapidly. It can also be noted tha
the self-diffusion coefficient of rodlike micelles varie
as D , L21 [20], which according to Eq. (2) gives
D , c21y2 exphs2Ecy2kT d f1 2 scpycd1y2gj. Because of
the exponential term, the variation withc is hardly
distinguishable from that of Eq. (4). The numerical fact
in the exponential is changed by23 , which would change
only theEc values.

When excess salt is added, the electrostatic interacti
are screened andcp moves to very low values. In such
cases, Eq. (4) becomesD , c2a and one observes the
power law behavior predicted by Turneret al. [7]. Unlike
most other monomeric surfactants such as CTAB (ce
trimethyl ammonium bromide), CTAT, and CPClO3 [8–
10], 12-2-12 is found to become rapidly insoluble in th
presence of salt. We found that0.05M is the highest
KBr concentration that can be used at35 ±C without phase
separation in the system. Figure 3 gives the FRAPP res
on 12-2-12 in the presence of0.02M and 0.05M KBr at
35 ±C. Right from the lowest concentration used in th
study, we observe the semidilute regime withD , c21.18

for 0.02M and D , c20.88 for 0.05M salinities. These
exponents are smaller than the values derived by Tur
et al. [7] for reptative diffusion. They are compatible with
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FIG. 3. D vs c for 12-2-12 at 35±C in the presence of0.02M
KBr (squares) and0.05M (circles).

diffusion in the “breathing” regime (Rouse fluctuations o
the tube formed by the entanglements) [7], but it ma
be fortuitous. In Fig. 3, no dilute regime is observed a
for CPClO3 1 NaClO3 [9] and CTAT 1 KBr [10] for
salinities higher than0.1M. In all of the systems studied,
the exponenta decreases when the salt concentratio
increases [8–10], and thea values extracted for high salt
concentrations are close to those predicted by the auth
of Ref. [7], showing that the diffusion mechanism depend
on salt concentration.

Let us now consider the concentrated regimec . cpp

where D is found to increase withc as D , cb. In
CTAB and CPClO3 systems, the rheological propertie
do not show changes in behavior abovecpp. This led
us to assume that the diffusion regime of the fluoresce
probe was changing [9]. Indeed, atcpp, the motion of
the micelles in which the probe is embedded is ve
slow and the motion of the probe along the micelle ca
become faster. In such a case, the probe moves alo
the micelle, then waits until a break arises, and after t
recombination, the probe continues its motion on the new
formed micelle. The diffusion coefficient is then predicte
to increase with surfactant concentration with a pow
law exponentb depending again on the type of scissio
process: b ranges between 0.8 and 1.8, the largest val
corresponding to the bond interchange scission. The
results are compatible with the measured exponentsb

(which are around two), except for 12-2-12 for which
b , 4 (Table I). Here, the accuracy onb is about 10%.
In Ref. [9], the rheological behavior of the studied syste
was found incompatible with the diffusion model, the
possible role of progressive micelle branching abovecpp

was invoked to explain the increase ofD with c. In
principle, this should be accompanied by a decrease
the viscosity [21], which is indeed observed for 12-2-1
at these concentrations.

In conclusion, we have observed a universal behav
of the self-diffusion coefficient in the semidilute regime
of several salt-free micellar solutions. This result can b
explained by the Cates model for living polymers, whe
the effect of electrostatics on the micellar growth is take
into account. The universal behavior is due to the fa
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that the micelle scission energy is remarkably similar in
the different systems, about30kT . In the presence of
excess salt, the power laws predicted by Turneret al. [7]
are obeyed in the semidilute regime, but the exponent
salt dependent and a nonuniversal behavior is observ
in this case. The scaling behavior in the concentrate
regime where the self-diffusion coefficient increases wit
the surfactant concentration might be associated wi
topological changes in these systems.
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